Study Design. In vitro biomechanical study on rat caudal motion segments to evaluate association between compressive loading and water content under static and cyclic conditions.
The intervertebral disc plays the essential biomechanical roles of supporting load and permitting motion in the spine. 1 The disc is a heterogeneous structure composed of a central nucleus pulposus surrounded by a highly organized fiber-reinforced anulus fibrosus. The nucleus pulposus is a hydrated gelatinous tissue composed of negatively charged glycosaminoglycans, collagens, and noncollagenous proteins. 2, 3 The glycosaminoglycanassociated negative charges in the nucleus pulposus produce a swelling force. 4, 5 Degeneration of the disc results in a loss of both water and proteoglycan contents 2, 3 as well as alterations in its elastic and viscoelastic behaviors. 1, 6 The hydration of the disc varies according to the condition of loading; fluid is expelled when the disc is loaded over its baseline swelling pressure and absorbed when it is unloaded. [7] [8] [9] [10] Several in vivo magnetic resonance imaging studies have indicated load-induced changes in the water content of the disc. [11] [12] [13] [14] Loading conditions on the motion segment affect the degree of hydration of the intervertebral disc and, in particular of the nucleus pulposus, under loading, and alterations in hydration subsequently also affect the elastic and viscoelastic mechanical behaviors of the intervertebral disc. 1, 7, [15] [16] [17] There is a limited understanding of the time-dependent association between water loss and viscoelastic creep in the disc, and this requires additional experiments in a controlled in vitro environment that permits inferences regarding volume loss and mechanisms of viscoelasticity. There are very few studies on effects of cyclic loading on fundamental motion segment creep and hydration and improved understanding of the motion segment behaviors under cyclic or repetitive loading conditions is a priority for defining safe loading regimens. A clear understanding of the unique interaction between the solid porous matrix and the fluid can only be obtained using appropriate analytical models along with in vitro and in vivo experimental methods. 18 The purpose of this study is to investigate the effects of variations in the load duration, load magnitude, and loading mode (i.e., cyclic or static) on rat caudal motion segment height and water loss in the nucleus and anulus. These data have implications for mechanobiology studies, and are important for improved understanding of mechanisms of viscoelasticity. It was hypothesized that:
1. There is no difference in height loss and fluid (volume) loss of motion segments loaded in compression under cyclic (0.15-1.0 MPa) and static conditions with the same time average magnitudes (0.57 MPa). 2. After initial disc bulge, tissue water loss is directly proportional to height loss under static loading.
Materials and Methods
A total of 126 caudal motion segments from 21 16-week-old female Wistar rats were used in this experiment. Rats were obtained within a half hour of being killed for another purpose, which would not impact the results of the present study. Skin and soft tissues were removed from the tails, and 6 adjacent motion segments were harvested using methods similar to those previously described. 19 Briefly, the vertebral bodies of each motion segment were potted in aluminum tubes using cyanoacrylate. Potted motion segments were then frozen in liquid nitrogen, wrapped in phosphate-buffered saline soaked gauze, double-wrapped in plastic, and stored at Ϫ20°C for 3 to 7 days until testing.
Specimens underwent a force-controlled test protocol using an axial testing machine (Enduratec ELF-3200, Bose
Corp., Minnetonka, MN) and custom grips previously described ( Figure 1) . 19 Motion segments were systematically assigned to 1 of 6 groups in a manner that would average out any potential effects of disc level on measured parameters. Before applying the main loading condition, a preconditioning load (static, 0.15 MPa for 900 seconds) was applied to each motion segment that also served to restore any possible loss of water content due to specimen preparation and freezing. This resting stress of 0.15 MPa was chosen based on the resting stress obtained in an in vivo study. 20 After preconditioning loading, each specimen was subjected to its assigned main loading protocol, and force, displacement, and time data were stored for subsequent analysis. The height loss of the disc was calculated as difference between the displacement at the end of the loading protocol and the displacement at the end of the preloading period.
All specimens underwent 1 of 6 loading protocols (Table 1 ). To test hypothesis 1 on the effects of the different loading modes on the motion segment creep and water content, the 3 90-minute duration loading groups were compared: Static II, Cyclic, and Midstatic. The Static II and Midstatic groups had magnitudes equal to the peak and root mean square (RMS) values of the Cyclic loading group, respectively. To test hypothesis 2 on the effects of load duration on motion segment creep and water content, 4 loading groups were compared: Static I, Static II, Static III, and Control.
After loading, samples were removed from the phosphatebuffered saline bath, surface dried, and immediately frozen using liquid nitrogen in order to minimize loss of hydration or the In order to provide an average time history of each group, the creep behavior of the motion segment was fitted using the stretched exponential model, as previously described
where d 0 and d ϰ are the initial and equilibrium displacements, and and ␤ are the time constant and stretch parameter, respectively. The value (d ϱ Ϫ d 0 ) corresponds to the predicted value for equilibrium height loss, is a measure of the time it takes to reach equilibrium, and ␤ (0 Ͻ ␤ Յ 1) describes the relative complexity of the mechanical behavior where ␤ ϭ 1 corresponds to behavior that can be described by a single exponential. The curve-fit was performed using code written in MATLAB (Mathworks, Natick, MA). All results were analyzed using a repeated measures ANOVA with Fisher PLSD used as a post hoc test to compare each group and P values less than 0.05 considered significant. Correlations between motion segment height loss and % water loss in the anulus and nucleus were calculated. All statistical analyses were performed with Statview software (SAS Institute, Cary, NC).
Results
The results from 3 of the 126 motion segments tested in this study were omitted because of technical errors in the experiments. Visible damage was not detected in any remaining specimens after loading. All motion segments exhibited viscoelastic behavior that was well described by the stretched-exponential model (Figure 2 , model parameters in Table 2 ). Both motion segment height loss ( Figure 3 ) and water loss ( Figure 4) were time-dependent until equilibrium level was achieved under static compressive loading within 900 minutes.
Among the 90-minute duration groups (Figure 3a ), Cyclic loading resulted in height loss that was significantly greater than Mid-Static (P Ͻ 0.01), but not significantly less than Static II loading at 1.0 MPa (P Ͼ 0.2). The model results demonstrate this same trend for the for the entire time period with average displacement for Cyclic loading being higher than the Mid-Static condition (Figure 2b ). In addition, peak displacement of the cyclic tests were nearly equal to the creep displacement of the 1.0 MPa static condition. The experimentally determined decrease in motion segment height with time was significant between the three 1.0 MPa static loading groups ( Figure 3b ) (P Ͻ 0.01).
Nucleus and anulus water contents for the control group averaged 83.5% and 70.4%, respectively. For the loaded groups, average nucleus and anulus water contents ranged from 60.8% to 78.8% and 58.3% to 66.4%, respectively. There were no significant differences in water loss between the three 90-minute groups (Figure 4a ), but Cyclic loading resulted in greater anulus fibrous water loss than Mid-Static loading (P ϭ 0.03). Water content decreased over time under compressive static loading at 1.0 MPa, although groups having Ն90 minutes loading duration were not significantly different. Relative water loss was significantly larger for nucleus than anulus tissue for loading durations of Ն90 minutes (Figure 4b) .
The water content of anulus and nucleus regions both monotonically decreased with increasing creep deformation, and the change in motion segment height signifi- cantly correlated with water loss in the anulus and nucleus ( Figure 5 ).
Discussion
This study investigated how the compressive loading magnitude, mode (static vs. cyclic), and duration (9 -900 minutes) affects rat intervertebral motion segment creep behaviors and water content. Rat caudal motion segments were subjected to 6 distinct loading protocols, and creep displacement and water contents were measured in order to test 2 hypotheses concerning their response to static versus cyclic loading. Contrary to our first hypothesis, cyclic loading resulted in a loss in motion segment height and anulus fibrous water content that was similar to static loading at 1 MPa but significantly greater than static loading at the root mean square value (0.575 MPa, Mid-Static group). Consequently, the most important finding of this study was that peak value of cyclic compressive loading at a frequency of 1 Hz (and not the time average magnitude) was most important in determining height change and water loss. We infer that this finding is associated with differences in creep and recovery rates of the disc, since time constants previously reported for recovery are substantially longer than for creep time, as reported previously for rat caudal motion segments. 19 In agreement with our second hypothesis, a significant correlation and nearly linear relationships between motion segment height loss and water loss ( Figure 5 , R 2 ϭ 0.76 and 0.77 for nucleus and anulus regions, respectively) suggested that creep was the result of volume change (water loss). Interestingly, more water was lost relative to the height change in the nucleus than in the anulus, suggesting a redistribution of water, but the relative loss was only significant for load durations of Ն90 minutes. The strong correlations between creep deformation and water loss in anulus and nucleus regions along with the apparent linearity of the relationships suggest that volume change is at least partly responsible for creep in compression, especially because it is expected that the time constants would be different for intrinsic and flow-dependent viscoelasticity. We therefore conclude that some water redistribution occurred under compressive load but that water loss after our first measurement at 9 minutes was consistent with the findings of an initial elastic compression (and associated disc bulge) followed by a reduction in disc volume with time.
It is generally accepted that the balance between external load, osmotic pressure, and elastic stiffness control the fluid content of the intervertebral disc. 5, 21 Fluid exchange may also play an important role in transport of large solutes in the intervertebral disc 22, 23 and disc water content is known to affect whole disc mechanical behaviors and failure mechanisms. 16, 24 All specimens were frozen before testing to improve quality control and uniformity during all testing and analysis procedures. Under a given compressive load, the equilibrium hydration of a bathed disc was reported to be independent of its hydration history. 25 Because measuring hydration changes in response to loading was an essential feature in this study, our methods included an equilibration period in a fluid bath where the specimen could rehydrate under a consistent and physiologically relevant preload. The effects of freezing on intervertebral discs has been the subject of several published studies, and the literature demonstrates there is no effect of freezing on stiffness, creep, hysteresis, and water content when such methods are used. [25] [26] [27] [28] [29] The linear association between motion segment height loss and water loss suggests that, at long time scales, creep of the intervertebral disc was associated with volume changes and not radial disc bulging. This is in direct agreement with magnetic resonance imaging measurements reporting relatively small amounts of radial bulging of the outer layer of the anulus fibrosus, indicating that the majority of volume loss was associated with loss in disc height. 30, 31 However, in vitro testing on human cadaveric discs under similar relative compression loads (i.e., force normalized by cross-sectional area) resulted in a lower loss of hydration (18% loss) and less relative creep (ϳ2 mm) relative to human disc height 21 than in the present study, which is to be expected because of the relatively large "toe-region" reported for caudal motion segments as compared with lumbar regions. 32 The finding of greater water loss in the nucleus than the anulus is generally consistent with the steady state fluid shift reported under axial compressive loading at long times in the magnetic resonance imaging study by Kusaka et al, 31 although some differences were present for transient fluid patterns. These differences may be associated with T1 times being affected by more factors than water content alone as previously reported, 33 or with differences in time constants for bovine and rat caudal discs.
Rat caudal motion segments were used in this study because the geometric simplicity and lack of sagittal curvature allowed a more direct association between loading conditions and disc hydration in order to test the specific hypotheses. Differences in size and loading conditions of rat caudal models relative to the human spine are a limitation, yet there is enough relevance to the model to allow some general applicability of the findings. For example, caudal motion segments have similar compressive and torsional stiffness in the linear region as human lumbar motion segments once normalized for geometry. 32 Furthermore, while caudal motion segments are not weight-bearing, they have resting stresses 20 that are similar to values in lumbar disc levels (in both rat and human). Finally, this study provides in vitro mechanical and water content data that may be used for comparison with the growing numbers of in vivo and organ culture studies using rat lumbar and caudal models. 6, 7, 10, 12, 13, [15] [16] [17] 19, 27, 29 A quantitative association of relative contributions of disc bulging and volume loss would require a 3-dimensional multiphasic finite element model with intrinsic solid phase viscoelasticity, which is beyond the scope of this manuscript, although some similar models on human lumbar disc exist. 34 The quantitative demonstration that cyclic loading amplitude is most important in determining the creep behaviors of caudal motion segments, while needing validation on a human lumbar model, has important implications in the definition of safe loading protocols for the disc. This finding also has important implications for mechanobiology studies of the disc that apply controlled mechanical loading conditions to caudal and other intervertebral discs using animal models and organ culture. Results provide a quantitative demonstration that water redistribution and volume change occur under compressive loading in the rat caudal model.
Key Points
• This study investigated how compressive loading magnitude, mode (static vs. cyclic) and duration (9 -900 minutes) affected motion segment creep behaviors and water content using a rat tail model.
• The amplitude of cyclic compressive loading (at 1 Hz frequency), and not the time average magnitude, was most important in determining height change and water loss. This finding was likely due to differences between disc creep and recovery rates and has implications in the definition of safe loading protocols for the disc.
• Under compressive loading, water redistribution (from nucleus to anulus) and water loss occurred in the disc.
• The correlation between height loss and water loss was consistent with an initial elastic compression (and associated disc bulge) followed by a reduction in disc volume over time.
